N %0 2975 g

NASA TECHNICAL TRANSLATION NASA TT F-12,919

GENETIC REGULARITIES OF THE CHEMICAL COMPOSITION AND CERTAIN
CHARACTERISTICS OF THE STRUCTURE AND ORIGIN OF METEORITES

A. A. Yavnel!

Translation of ''"Geneticheskie Zakonomernosti Khimicheskogo

Sostava, Nekotorye Osobennosti Struktury | Proiskhozhdenie

Meteoritov,' IN: Fizika Planet. Trudy Astrofizicheskogo in-

stituta, Akademiya Nauk Kazakhskoy SSR, Tom IX. (Planetary

Physics. Transactions of the Astrophysics Institute. Acad-

emy of Sciences, Kazakh SSR, Vol. 9). ''Nauka'' Press, Alma-
- Ata, 1967, pp. 139-150.

*NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
WASHINGTON, D. C. 20546 MAY 1970



e e o e %o 1 o ane tas e en e e e ——

NASA TT F-12,919 ;

|
GENETIC REGULARITIES OF THE CHEMICAL COMPOSITION AND CERTAIN ;
i CHARACTERISTICS OF THE STRUCTURE AND ORIGIN OF METEORITES
i

| SR AL Yavael!

i
[

|
!
!
]

i .

ABSTRACT. The results of an analysis of the chemical compo-
sition of meteorites are discussed. Regularities are shown
to exist which are reflected in the relationship of the per- 3
centage of the metal in the meteorite to the percentage of" !
nickel in the metal when the data are analyzed for the
types of meteorites, including achondrites, chondrites,
mesosiderites, pallasites and siderites. Conclusions are :
reached that meteorite material was differentiated by i
chemical composition during various evolutionary stages
and that meteorites were formed from small bodies in which f
the primary structural features were established. :

. o Tl i

In solving the problem of the origin Qf7ﬁeteofité§, anAimportant,part.is /139%

played by the study of their matter, particularly éhemical composition and _
structure. Meteoritic matter consists mainly of two ﬁhaséé: the silicate and
the metallic. The silicate phase is composed of minerals‘which qreVmain}y7~”V;
magnesium silicates. The metallic phase is a solid solution of nickel in iron_
with the addition of cobalt and other elements. In addition to these two _
components phases are also present in meteorites which belong to other mineral

classes. The most abundant of these is troilite-iron sulfide.

Depending on the ratio between the silicate and metallic phases, meteor-
‘ites are divided into three classes: .the stoﬁ&, stony-iron and iron meteor—
ites. Among these classes the author [1] isolates the following sub classes,
arranged in decreasing order of the silicate phase: calcium-rich achondrites;
calcium-poor achondrites; chondrites; mesosiderites; pallasites; and siderites.
Meteorites of these sub classes differ from each other in composition and
structure. -Significant variations in chemical composition are also observed
within each sub class. Previous investigations by Prior [2] have established
that in chondrites the FeO content is increased in the silicate phase and
simultaneously the metallic phase content decreases; as a result the nickel

content in the metal increases.

*Numbers in the margin indicate pagination in the foreign text.



V/Uréy“aﬁdréréig“[S] divide chondrites into two gréﬁpsﬂééébfainé'fﬁwihe'Wku
total content of iron in them.

During the investigation of this problem the author [4,5] used thb'most
reliable results of the analysis of meteorites of all classes. In order to
make is possible to compare the basic composition of meteorites, selected as
characteristic were FeO in the silicate phase, Ni in the metallic phase and
nickel-iron. Specifically this permitted us to compare the composition of

iron meteorites and the metallic phase of stoney and stoney-iron meteorites.

The results of the processing of analytical data are shown in the form
of bar graphs. For iron meteorites based on an analysis of over 400 meteorites,

naturally only a bar graph of the nickel content has been plotted (see Figure

1).
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Figure 1. Distribution of [ron Meteorites by Nickel Content.

It is obvious that the distribution of iron meteorites by nickel concen-
tration has a complex nature. A sharp maximum is isolated on the graph with
5.6% Ni, a maximum at approximateiy 8% Ni, as well as a group of meteorites
with an average content of épproximately 14% Ni, and a maximum in the region /140
20-40% Ni near 60% Ni. The presénqe of several groups of iron meteorites
indicates, first of all, that their crystallization could not have occurred in
one mass, for example, in the center of a single parent planet. Even if we
assume the liquation of an original iron-nickel melt during solidification, it
would lead only to a continuous change in its composition.
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We.shalluexamine the composition of chondiites, whi¢ﬁ ;epfe;éﬂ£vthé‘m6sf”h
abundant type of meteorites. Bar graphs of the composition and phase relation-
ship of chondrites, compiled from the results of the analysis of ~100 meteo-
rites demonstrate the division of chondrites into groups according to nickel-
iron content, Ni in the metallic phase and FeO in the silicate phase (see Fig-
ure 2). Group I of the.chondrites——enstatite chondrites--contain an insigni- ,
ficant quantity of FeO in silicate minerals and a maximum in the metallic phase;
Groups II and III chondrites ére more clearly distinguished by the quantity of
nickel-iron, while Group IV is distinguished by Ni in the metallic phase. In
addition, in a group of chondrites (carbonaceous chondrifes) there is practi-
cally no nickel-iron. If we turn'our attention to the metallic phase composi-
‘tion of five groups of chondrites, we see that nickel in these amounts on the
averagés»to 6.5, 9, 14, 30 and > 50%. Thus, there is a specific corrglation

between this composition and nickel content in five groups of iron meteorites.

The results obtained confirmed the relationship between composition and
the number of phases in chondrites--the so-called Prior rule. However, in
. contrast to Prior's assumption, it does not have a continuous but a discrete

nature, as a result of which we have termed it the Prior 'group" rule.

A similar examination of the composition of stoﬁy—iron meteorites,
including pallasites and mesosiderites was based on a small number of available
analyses, which resulted in tentative conclusions only. On the pallasite
composition bar graph (see Figure 3) it is possible to distinguish their separa-
tion by selected indicators into two groups. In one group.there is 5.5-12%

Ni in nickel-iron, which corresponds to Group II of iron meteorites. According
to nickel-iron composition (13-17% Ni) another group of pallasites is close to
Group III of the iron meteorites. Further, it can be seen from the data
obtained that in pallasites a regular relationship is seen between the quantity

and composition of nickel-iron and the FeO content in the silicate phase;

/141

|

similar to the Prior Group rule in chondrites.

In analyzing the bar graph of the composition of mesosiderites (see Figure
4), it may be assumed that the main mass of meteorites of this type fall into
one group. Judging by the nickel content in the metallic phase, it is much

more likely that they correspond to Group IT of iron meteorites. An exeception

.3



is the Benkubbin mesosiderite which stands out from the total number by its

reduced FeO content in nickel silicate (5.8%) in metal, which is characteristic

i
i

for Group I iron meteorites.
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Figure 2. The Distribution of Chondrites by Content of
FeO, Nickel and Metal.
The bar graphs of the composition of a few sub classes of achondrites
with an insignificant quantity of nickel-iron characterize the content of
main elements in the silicate phase. Here we also note the division of

achondrites into groups. Calcium-poor achondrites may be combined into five

.
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groups, depending on SiOz, MgO and FeO conteﬁt (see Figure 5). Therefore,
in orbits there is nickel-iron with a concentration of 5.6¢ Ni, which corres-
ponds to Group I of iron meteorites, and 27-33% Ni in amphoterites, which

corresponds to Group IV.

"y : ~ Calcium-rich achondrites are also
‘5 1 divided into several groups by SlO
44 MgO, FeO, A1203 and Ca0, however,
27 o (since the quantity of diffused

10 % 18 ‘22% FeO - nickel-iron in them is iInsignificantly
“g. ; in Sil?cate small) there are no data concerning
4 the quantity of nickel in them (see
ol Zﬂ Figure 6). '

ﬁVéz?; ?/7%ﬁﬁh\ ' |
10 8 % Ni Thus, a specific relationship

‘g_ I To Metal exists between different types of
'4J 70 meteorites which can be traced quite
;2. 3/21%2 b clearly due to the presence in them of

;g'- /¢;;;%JER : nickel-iron. On the one hand, a

5 % Metal

rFigure 3. The Distrlbutlon of
Pallasites by Content of FeO,
Nickel and Metal. ~from stoney meteorites to iron meteo-

!

change in the quantity of nickel-iron

in meteorites designates a transition

rites through intermediate forms. If
we compare the nickel-iron comp051tlon (by nickel content) In different types

of meteorites, their genetic relationship appears even more clearly.

Therefore, the relationship-between the different types of meteorites is
shown on a graph where the percent of nickel-iron in the meteorite is shown
on the ordinate and the percentage of nickel in the metallic phase (see Figure
v7j is shown along the abcissa. The regularity can be seen in the graph in
‘the relationship between the quantity and the composition of nickel iron in
chdndrites and steny-iron meteorites. The ratio of the number of iron meteo-
rites to the number of chondrites of corresponding groups also deereases
regularly during the transition from Group I to Group V [6]. The direct con-

nection of the metallic phase of stony and stony-iron meteorites with iron

meteorites definitely indicates their common origin.
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Finally, the close genetic relationship of stony and iron meteorites of
a g1ven group is also indicated by the change in the degree of thermo meta-
. morphism of their structure. Both in stones (chondrites) as well as in irons
the maximum degree of thermo metamorphism of structure, reflected in the
reciystallization of matter, is possessed by meteorites in Group I. During
the transition to subsequent groups both the number of recrystallized meteor-
ites as well as the temperature of their repeated heating decreases regularly.
Therefore the matter of meteorites was heated to the point where the meteorites

became individual masses, released from larger bodies.



a,fA subsequent study of regularities in the distribution of thevchemiéal
composition of meteorites reveals that the processes of differentiation of /144
meteoritic matter which reflect these regularities were quite complex and
probably -occurred during -various steps in its evolution. This pertains
specifically to the composition of chondrites. Having selected as a character;
istic of their composition the ratio of the various forms of iron and the |
atomic ratio of the total iron content to the silicon content, we [7] have
plottéd a graph (see Figure 8). The axes of the graph show the relative
quantities of ferrous iron, metallic iron and iron sulfide. The dashed areas
charécterized the composition of chondrites and clearly confirm the division
of chondrites into groups distinguished by total iron content. Particularly
outstanding are Groups II and III, which correspond to two groups of chondrites
found by Urey and Craig [3], while the Group I chondrites (enstatites) are
divided into two sub groups, and Group V (carﬁbhaééﬁus)iis_dividéd into three

sub groups.

‘ The results obtained show that changes in the total irbn content and in /145
the relationships of the different forms in the groups of chondrites are
regular. According to these indicators the chondrites in a first approximétion
may be divided into three sequences or branches. The first branch is made ip
of enstatite chondrites Ia;Ib; the second branch is made up ofvbronzite—
hypersthene chondrites, fI—III—IV? the third group is made up of carbonaceous

condrites, Va-Vb-Vc.

Chondrites form the basic mass of meteorites and therefore an explanation
of the regularities in their cbmposition has particular significance in charac-
terizing processes which occur during the various stages of the history of
meteoritic matter. The different ratio of the total content of iron to silicon
most likely indicates occurrences of.early differentation of matter. The re- /146
duction in the quantity of ferrous sulfide indicates original sulfur losses
which occured incidently with losses of other volatile components, including
water and carbon compounds. A change in the relative content of ferrous iron

and metallic iron characterizes different degrees of its oxidation.



If we examined the results obtained from
see that the transition from Groups Vc to Va
accompanied by losses of volatile components

of part of the iron oxides. In the Group Va

which occurs in parallel with the reduction process.

this point of view, we shall

of carbonaceous chondrites is
and by the subsequent reduction
a small loss in sulfur is noted

During the transition

from Group Iv to II of ordinary (bronzide-hypersthene) chondrites, iron

reduction is also noted with a certain sulfur loss.
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: ?;;However, the processes of matter differentiation on the one haﬁd and losses

of volatile componénts and iron reduction on the other apparently occurred in
opposing directions in carbonaceous and ordinary chondrites. This indicates

‘a different evolution for carbonaceous and ordinary chondrites which must be

taken into consideration in establishing a genetic relationship between them.

_ In order to clarify genetic relationships between the different types of
meteorites it is necessary to use data reflecting the content of minor
impurities in the isotopic composition of elements. The content of galium and
germanium in nickel-iron meteorites presents a great deal of interest in this
regard, As established by Brown and his colleagues [8, 9], iron meteorites
may be divided into four groups by galium and germanium content; these groups
do not coincide with the nickel groups, which may indicate different conditions
of matter formation. It was shown by the author [10] that the crystallization
of iron meteorites of this group also occurred under different conditions.

This conclusion is confirmed by the resultsmof an énalySis of the structural
formation of iron meteorites which represent a nickel;iroh'allpy with a nickel /147
content which varies within wide limits. In order to explain their phase
composition and structure it is necessary to examine the phase diagram of the
irdn—nickel system which is shown in Figure 9. It is apparent from this fig-

- ure that phase transformations in nickel-iron occur during its cooling. After
crystallization of the alioy from the liquid phase, the y-phase forms, which

is a solid solution'bf'nickel in the face-centered cubic lattice of iron,
stable at high temperatures. When the temperature of thé initiation of the
phase transformation is reached, the a-phase forms in the alloy; this is a
solid solution of nickel in the body-centered cubic lattice of iron and the

alloy passes to the two-phase region a + y.

If the alloy contains less than 6% mickel, the transformation y - o is
fully completed and the alloy consists of the a—phase alone. Since the alloy
is cooled'slowly the structure of such meteorites is often represented By
g-phase crystals which we also observe in so-called hexahedrites. With a higher
content of nickel the alloy even at low temperatures remains in the two-phase
région. In view of the fact that the formation of the a-phase occurs along

the planes of the octahedron of the crystal lattice of the y-phase, the

10



structure of similar meteorites, called octahedrites, have the form of a-phase

-bars, bordered by y-phase strips and intersecting at appropriate angles.
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Since the growth of o-phase crystals is a diffusion process which has a
clear dependence on temperature, the width of the bars of this phase decrease
with an increase in the nickel content which reduces the y = o transformation
température. The structure of meteorites is affected not only by the influ-

- ence of the crystallization and recrystallization of the alloy, but also by the

nickel-iron composition.

' Thus the width of the a—phase'bérs must decrease with an increase in
pressure-which reduces the transformation temperature, and with an increase

“in the alloy cooling rate.

It is apparent from the graph (see-Figure 10) that meteorites of individual
Ga—Ge groups have a different structural dépendence on the nickel content which
is expiained by the difference in the conditions of their crystallization. A /148

detailed study of the phase composition and structure of iron meteorites allows

us the evaluation of these conditions.

-11



First of all it is necessary to

determine the pressure at which crystal-

L4
e - lization occurred.. In the opinion of
1600 - s

§<&‘,r¢ L ‘Ringwood and Kaufman [11], judging by
1500 s, ,'/‘“\__\ : )
va/sq o= et the phase diagram of the Fe-Ni system,
1359 f . .the phase composition and structure .
260 B _ observed in iron meteorites could not
neo S . form at a pressure above 6-104 atm.
w9z L However, this estimate gives only an

upper limit for the pressure value.
Therefore in order to determine the
pressure, several authors examined the

~ ‘ formative conditions in iron meteorites

N

- 500 :

wo AR of certain minerals, primarily diamond.

N .

32, " Urey [12], for example, proceeds
200 f~',r . from the fact that the formation of
ot ' -] diamonds in meteors requires the high

" Fe 2 35 40 50 60 o &0 90 Ni pressure 2.3-104 atm and a temperature

of 1000-1200° C, because he believes
that at least one of the parent objects

Figure 9. Phase Diagram of the

I ron-Nickel System; A A 0
‘ was of lumar dimensions. Anders [13,

14] presents the mechanism of the formation of diamonds in iron meteorites
' differently. He beiiéves that high pressures are not required; diamonds can
form in connection with a shock. A. P, Vinogradov and G. P. Vdovykin [15]
believe that diamonds in stony meteorites were formed in carbon matter as a

result of internal tensions also in connection with a shock.

At the present time a discussion is being carried on with respect to the
conditions of the formation in iron meteorites of another mineral--cohenite
(nickel-iron carbide). In the opinion of Ringwood [16, 17] this mineral was
preserved in meteorites under the influence of pressures above 2.5(104 atm,
whereas Lipschutz and Anders [13, 18] maintain-thaf the stability of cohenite

is not affected by pressure.

12
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Function of Nickel Content.
Finally, in a recent work Marvin [19] noted in .certain iron meteorites
a modification of quartz, or tridymite, which fé'Sfab1e at pressures of not
more than 3000 atm. If we accept this pressure estimate:at.fhe center of the

parent body, the diameter of the latter can,not,exceed7800 km (the diamerer
. of the asteroid Ceres). ‘

Further, it is possible to determine the time of the structural formation
of iron meteorites, based on a study of their phase composition. Investiga-

tions which we accomplished [20] by the method of z-ray spectral microanalysis /149

revealed that meteoritic iron is not in an equilibrium state. This is clearly

“seen (see Figure lljson the graph which shows the content of thé basic elements
Fe, Ni, Co and the a- and Y;?hases of the Chebankol octahedrite. If the

nickel concentration in the y-phase at the Boundary with the a-phase equals
42%, within the Y—phaSe band the fixed concentration amounts to.only 20% Ni.

It follows from this that the minimum equilibrium temperature attained by the
alloy was approximately 600° C.

Our results were confirmed by other authors
[21, 22, 23].

Massalski and Park [24] calculated that the time interval for
the formation of the structure of iron meteorites in a body with a diameter

of 200-400 km is of the order of 107-108 yeafs. This time interval agrees with
the results of an approximation of the rate of growth of phosphides in iron

meteorites [25], which may serve as indirect conformation of the estimate of
parent body dimensions.
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In this short survey we did not touch upon questions associated>with
the structurél formation of stony metéorites, including_the>QuéS£ion of the
origin of chondrites. In this connection it is possible to indicate only
that at the present time various points of view exist regarding the origin
of chondrites and these can be divided basicaily into three grousp: 1) con-

densation from a gas. cloud; 2) spraying of drops in connection with the

. collision of planetoids; 3) volcanic action on parent bodies. In favor of the

_hypofhesis of the prior formation of chondrites is the recent work of Merri-
hue [26] in particular, which concerns the excess of the xenon 129 isotope

in chondrites of the Bruderheim meteorite.

CONCLUSIONS

"1. At various stages in the evolution of meteoritic matter, its differ-
entation by chemical composition occurred which must be considered in dividing

meteorites into groups depending on chemical properties.

/150

2. Meteorites were formed from several parent bodies probabiy of asteroidal

dimensions, in which the basic features of their internal structure were

ultimately formed.

14
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